The cross sections for antihydrogen formation in the n = 1, 2 and 3 levels from the Ps(1s) + p → e − + H(nl) reaction are computed in the close-coupling approximation. A large L 2 basis of positron-hydrogen channels (28 states) is supplemented by the Ps(1s), Ps(2s) and Ps(2p) channels. The present results represent the most accurate calculations of this cross section yet undertaken. It is seen that the net cross section for antihydrogen formation decreases extremely rapidly as a function of increasing energy and beyond about 5 Ryd is essentially negligible.
Recently, a large L 2 calculation of positron-hydrogen scattering in the intermediate energy region has been reported [1, 2] . In this calculation a basis of 28 hydrogen-like states was supplemented by three positronium states. The positronium, ionization and total reaction cross sections computed with this model were in agreement with experimental data [3] [4] [5] [6] [7] . It should also be noted that the R-matrix method [8] has been used to perform calculations which were similar in concept. Given the success of this model in describing positronhydrogen scattering it is natural to use the model to compute cross sections for positroniumproton scattering.
The cross sections for the process Ps(1s) + p → e − + H(n l ) (1) are of current interest since the antihydrogen atom is an ideal system in which to study the charge conjugation symmetries of physics [9] [10] [11] . Other exotic atoms such as muonium, positronium and protonium have short lifetimes and are not so suitable for high-precision spectroscopic studies. Given the availability of a suitable antiproton beam from the lowenergy antiproton ring (LEAR) at CERN, experiments designed to produce and study antihydrogen atoms are being developed [11] [12] [13] [14] . One of the most promising methods suggested for producing antihydrogen [13, 14] is to use the charge-exchange process of equation (1) . Calculations of the charge transfer cross section leading to antihydrogen formation can be roughly divided into three classes. First, there have been calculations reported for the energy region below the three-body break-up threshold [15] [16] [17] [18] [19] . Of these calculations, a large basis close-coupling (CC) calculation [18] and a hyperspherical CC calculation [19] give cross sections which are converged for all practical purposes. There have also been calculations undertaken in which the positronium level was an excited state since semiclassical arguments suggest that this will lead to an enhanced charge transfer cross section [20] . This hypothesis has been confirmed in a set of calculations of moderate accuracy [19, 21, 22] . In the intermediate energy region, there are really no high-accuracy results. While there have been calculations using perturbation theory [23, 24] , the most accurate cross sections come from a CC calculation including the three lowest hydrogen levels H(1s, 2s, 2p) and the three lowest positronium levels Ps(1s, 2s, 2p) [25, 26] . It was found that the charge transfer cross section should peak around 14 πa 2 0 for incident positronium energies of 5-10 eV. However, this model omitted the ionization continuum from the basis and also omitted the hydrogen H(3s, 3p, 3d) levels and so cannot be expected to give results of the highest accuracy.
The cross sections presented in this work were taken from a set of T -matrix elements that were constructed in a calculation of positron-hydrogen scattering [1, 2] using a method that has already been described in the literature [27] . Under these circumstances only a brief recapitulation of the calculation needs to be given here.
A large L 2 basis of positron-hydrogen channels is supplemented by the Ps(1s), Ps(2s) and Ps(2p) states. To be specific, a total of 11 s, nine p and eight d states were included in the L 2 expansion. The CC equations are formulated as a set of coupled integral equations in momentum space and solved using standard techniques. Between 60 and 70 points were used to discretize the integration over the off-shell momentum. The rearrangement kernel was included in the solution of the integral equation for a total three-body angular of J 14. Corrections were made to all the cross sections by assuming that the omitted portion of the partial-wave sum scaled like a geometric series. These corrections made a very small contribution (<1%) to all of the cross sections reported in this letter.
The net cross section for antihydrogen formation into bound states was computed using the following formula:
The last term in the formula is a correction based upon 1/n 3 scaling for the positronium formation cross section. The 1/n 3 factor is modulated by the ratio of k n and k 3 which are the outgoing momenta in the H(n) and H(3s) (or 3p and 3d) channels. The kinematic correction is only significant near threshold and at higher energies the term inside the summation asymptotes to a value of 1.08. This form of extrapolation, with kinematic correction, had been used previously in an analysis of antihydrogen formation using the unitarized Born approximation [22] . It is also possible to compute a charge transfer cross section by simply adding up the cross sections to all the negative and positive energy states of the L 2 hydrogen basis. Cross sections for antihydrogen formation are depicted in figure 1 and are also given for selected energies in table 1. The best set of cross sections is that which uses the CC (13, 8) cross sections [18] below 0.5 Ryd and the CC(28, 3) cross section above 0.5 Ryd. The total cross section for the positron transfer reaction is shown as a series of curves depicting the accumulated sum of the antihydrogen formation cross section for the n = 1, 2 and 3 levels successively. Although we have cross sections extending to a maximum energy of 9.5 Ryd, these are not shown in figure 1. At 4.2 Ryd, the net charge transfer cross section is only about 0.28 πa 2 0 and is decreasing rapidly. When the incident energy reaches 9.5 Ryd, the cross section has decreased by more than an order of magnitude to 0.007 πa 2 0 . Given that the CC (13, 8) cross sections are expected to be very accurate, the size of the discontinuity between the two cross section sets does give some indication of the residual inaccuracy of the present calculation at the common point. The size of the discontinuity is less than 10%. A further estimate of the accuracy of the CC(28, 3) model for the [25, 26] close-coupling calculations, and ( ) the hyperspherical calculation [19] are also shown. . The relative size of the discontinuities are larger than an analogous comparison that was performed for positronhydrogen scattering [1, 2] and this is not surprising. A basis consisting of a large number of hydrogen states and a few positronium states is probably not the best way to model the strong polarization interactions present in the positronium-proton entrance channel.
Transitions to states other than the H(1s) level are seen to dominate the charge transfer cross sections at energies where the cross section is largest. For example, at an energy of 1.3 Ryd, the H(1s) cross section is less than 15% of the total antihydrogen transfer cross section. At higher energies, where the cross sections are somewhat smaller, the charge transfer reaction to the H(1s) ground state assumes a larger relative importance. At an energy of 9.5 Ryd, roughly 60% of the antihydrogen will be formed in the H(1s) ground state.
One interesting feature of the calculation that is not revealed in the figure is that the major contribution of a particular n level to the charge transfer cross section when the cross section is large comes from the state with the largest angular momentum. For example, at an energy of 0.6 Ryd, the H(2s) cross section is 2.07 πa One of the features of figure 1 is the broken curve which contains the net contribution from all the e + -H channels, including those L 2 states with positive energies. The cross sections to positive energy pseudo-states are often identified with the ionization continuum. However, such an identification is questionable in the present instance for the obvious reason that the pseudo-states are constructed from a diagonalization of the hydrogen atom (and not the positronium atom) Hamiltonian. In spite of this, and in spite of the fact that these positive energy states can only be populated through a charge transfer reaction, it is seen that the net charge cross section remains large and decays relatively slowly as a function of energy. It is difficult to avoid the conclusion that these e + -H channels are acting as a conduit for flux that would otherwise be destined for the Ps-p ionization continuum. Therefore, it might be possible to construct an ionization cross section by subtracting the cross sections for the H(1s, . . . , 3d) transitions from the net charge transfer cross section. However, such a procedure would be hedged with so many questions of interpretation that we are reluctant to do this. It is noticeable in the figure that the net antihydrogen cross section with the 1/n 3 extrapolation exceeds the broken curve at energies close to threshold. We should not expect the 1/n 3 extrapolation to be completely reliable close to threshold where the kinematic conditions associated with the different particle transfer channels are substantially different.
The comparison with the six-state CC [25, 26] cross section reveals that this cross section is consistent with the present cross section. The six-state cross section only permitted antihydrogen formation in the 1s, 2s and 2p levels (and no extrapolation was done) and should be compared with the n = 1 + 2 curve. Although there are differences in detail the two cross sections show qualitatively similar behaviour. The hyperspherical cross section is almost the same as that from the CC (13, 8) calculation [18] below the ionization threshold. However, the hyperspherical cross section at 1.75 Ryd [19] is considerably larger than the present net cross section into the physical antihydrogen states. Since it is not clear how the ionization continuum is incorporated into the hyperspherical method, the charge transfer cross sections might also be including flux that would have otherwise been destined for the ionization cross section.
The present work undoubtedly represents the state of the art for positronium-proton scattering in the intermediate energy region. However, a basis consisting of a large number of hydrogen states and a few positronium states is probably not the best way to model positronium-proton scattering. It would be interesting to perform a calculation in which a large L 2 basis of positronium states was supplemented by the lowest-lying hydrogen bound states. Besides the intrinsic interest of performing such a calculation, the most important result of such a calculation would be the production of more reliable estimates for the charge transfer cross section to form hydrogen. However, we have seen from our present calculations that a converged estimate of the charge transfer cross section requires the inclusion of n = 3 hydrogen states in the basis. Since the rearrangement matrix elements absorb most of the time (and disk space) in our calculations, such a calculation would be twice as expensive as the present calculation since the number of rearrangement matrix elements would effectively be doubled.
